IL NUOVO CIMENTO 



Vol. ?, N. ? 



? 



Atomic peirity violation in two-photon J = — > 1 transitions 

D. R. Dounas-Frazer(1)(*), K. Tsigutkin(I), D. English(I) andD. Budker(1)(2) 

(^) Department of Physics, University of California at Berkeley, Berkeley, California 94720- 

7300, USA 

(^) Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 
94720, USA 



Summary. — Wc present a method for measuring nuclear-spin-dcpendent atomic 
parity violation without nuclear-spin-independent background. Such measurements 
can be achieved by observing interference of parity-conserving and parity- violating 
two-photon J = — > 1 transitions driven by coUinear photons of the same frequency 
in the presence of an external static magnetic field. 

PACS ll.30.Er - Charge conjugation, parity, time reversal, and other discrete 
symmetries. 

PACS 32.80.Rm - Multiphoton ionization and excitation to highly excited states. 



Sub-1% measurements of nuclear-spin-independent (NSI) atomic parity violation (APV) 

[1, 2] have led to precise evaluation of the nuclear weak charge [3], yielding excellent 
agreement with the Standard Model at low energies. On the other hand, nuclear anapolc 
moments, parity-violating moments induced by weak interactions within the nucleus, 
have been extracted from nuclcar-spin-dcpcndent (NSD) APV measurements in Cs [4] 
and Tl [5]. In these experiments, NSD APV was observed as a small correction to NSI 
effects [6]. The values of the Cs and Tl anapole moments result in constraints on weak 
coupling constants that are difficult to reconcile with those obtained from other nuclear 
physics experiments and with each other [7, 8]. Future anapole moment measurements 
will provide additional insight into this open problem, and are a major goal of ongoing 
experiments in Yb [9], Dy [10], Fr [11], Ra+ [12, 13], and diatomic molecules [14]. In this 
work, we propose a technique that allows for measurement of NSD APV without NSI 
background in atoms with nonzero nuclear spin. 

The proposed method uses two-photon transitions from an initial state of total elec- 
tronic angular momentum Jj = to an opposite- parity Jf = 1 final state (or vice 
versa) . The APV signal is due to interference of parity-conserving electric-dipole-electric- 
quadrupole {E1-E2) and electric-dipole-magnetic-dipole (£'1-M1) transitions with parity- 
violating El-El transitions induced by the weak interaction. This scheme is different 
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Fig. 1. - (Left) Energy level diagram. Dotted lines indicate APV mixing of opposite parity states, 
and upward- and downward-pointing arrows represent two-photon absorption and one-photon 
fluorescence, respectively. (Right) Field geometry. The propagation vector k may alternatively 
be anti-aligned with the magnetic field B. 



from other multi-photon APV schemes [15, 16, 17, 18] in that the transitions are driven 
by coUinear photons of the same frequency, and hence are subject to a Bose-Einstein 
statistics (BES) selection rule that forbids El-El J = — )■ 1 transitions [19, 20]. How- 
ever, such transitions may be induced by perturbations that cause the final state to mix 
with opposite-parity J ^ 1 states, such as the NSD weak interaction and, in the presence 
of an external static electric field, the Stark effect. Because the NSI weak interaction only 
leads to mixing of the final state with other J = 1 states, it cannot induce J = — >■ 1 
transitions. Thus NSI-background-free measurements of NSD APV can be achieved by 
exploiting two-photon BES selection rules. We call this method the degenerate photon 
scheme (DPS). 

Consider atoms illuminated by linearly polarized light in the presence of a static 
magnetic field B. The optical field is characterized by polarization e, propagation vector 
k, frequency w, and intensity X. We choose the frequency to be half the energy interval w fi 
between the ground state \i) and an excited state [/) of opposite nominal parity. We work 
in atomic units: h = \e\ = nie = 1- The transition rate satisfies R = (47ra)^I^|^|^/r, 
where a is the fine structure constant, and A and F are the amplitude and width of the 
transition [21]. Energy eigenstates are represented as \i) = \ JiIFiMi), and likewise for 
I/). Here J^, /, and Fi are quantum numbers associated with the electronic, nuclear, and 
total angular momentum, respectively, and Mi G {ztFi,±{Fi — 1), . . .} is the projection 
of Fi along the quantization axis (z-axis), which we choose along B. 

The transition is enhanced by the presence of an intermediate state \n) of total elec- 
tronic angular momentum J„ = 1 whose energy lies about halfway between the en- 
ergies of the initial and final states (fig. 1). For typical situations, the energy defect 
A = ujni — ^^fi/'^ is large compared to the Rabi frequency fl^^ associated with the one- 
photon resonance involving the intermediate state. We assume that the scattering rate 
from |n) to \i) is small compared to the natural width Tf of [/): (flR/A)^F„ ^ Tf. In 
this case, the system reduces to a two-level system consisting of initial and final states 
coupled by an effective optical field. 

The parity-violating El-El transition is induced by mixing of the final state with 
opposite-parity states via the weak interaction. In general, [/) may mix with states of 
electronic angular momentum J — 0, 1, or 2 according to the selection rules for NSD 
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APV mixing [22] . Mixing of the final state with J = 1 states results in a perturbed final 
state with electronic angular momentum 1 that cannot be excited via El-El transitions. 
We limit our discussion to mixing of |/) with J — states (the case of mixing with J = 2 
states is similar), and assume that this mixing is dominated by a single state \a) of total 
electronic angular momentum = 0. In this case, only transitions for which Ff = I 
may be induced by the weak interaction. Transitions to hypcrfinc levels fy = / ± 1 that 
arise due to parity-conserving processes can be used as APV-free references, important 
for discriminating APV from systematic effects. 

The amplitude for a degenerate two-photon J = — >■ 1 transition is [23] : 

(1) A = iQk_g{-iy{FiMi; lq\FfMf) + i(,5f,f^5m,m^, 

where the terms proportional to Q and C are the amplitudes of the parity- conserving 
and violating transitions, respectively. Here q = Mf — Mj is a spherical index, kg is 
the qth spherical component of k, {FiMf, lq\FfAIf) is a Clebsch-Gordan coefficient, and 
SpfFi is the Kronecker delta. The quantities Q and C are 

Q fn(^ni l^fndni q^-^^ ^ ^f<^ ^an dni 

^' 2x/l5A 3x/2A 3w/aA ' 

where the reduced matrix elements Q/n = (-^/l |0| l-^i)) A*/n = ('^/IIa'II'Ai)) and dni = 
(J„||rf||Jj) of the electric quadrupole, magnetic dipole, and electric dipole moments, re- 
spectively, are independent of Ff and /. Here ujja = luj — uja is the energy difference of 
states I/) and |a), and Q/a is related to the matrix element of the NSD APV Hamilto- 
nian ilNSD by (/|i?NSD|a) = i^fa- The parameter flfa must be a purely real quantity 
to preserve time reversal invariancc [22]. 

The goal of the DPS is to observe interference of parity- violating and conserving 
amplitudes in the rate R. When Mf = Mi, R consists of a large parity conserving term 
proportional to , a small parity violating term (the interference term) proportional 
to Q^, and a negligibly small term on the order of The interference term is propor- 
tional to a pseudoscalar quantity that depends only on the field geometry, the rotational 
invariant k • B [23] . Thus the interference term vanishes if B and k are orthogonal. One 
way to achieve a nonzero rotational invariant is to orient k along B (fig. 1). 

We calculate the transition rate when B is sufficiently strong to resolve magnetic 
sublcvels of the final state, but not those of the initial state. This regime is realistic since 
Zeeman splitting of the initial and final states are proportional to the nuclear and Bohr 
magnetons, respectively. In this case, the total rate is the sum of rates from all magnetic 
sublevcls of the initial state: R — )• J2m R{Mi). When the fields are aligned as in fig. (1), 
the transition rate is 

(3) R± oc Q^Mj/[I{I + 1)] ± 2CQMf/^/l{I + l), 

where the positive (negative) sign is taken when k and B are aligned (anti- aligned), and 
we have omitted the term proportional to C^. 

Reversals of applied fields are a powerful tool for discriminating APV from systematic 
effects. The interference term in (3) changes sign when the relative alignment of k and B 
is reversed, or when Mf —Mf. The asymmetry is obtained by dividing the difference 
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of rates upon a reversal by their sum: 



(4) 



{R+ - R-)/{R+ + R-) = 2[VJCf + l)/M/](C/Q). 



Reversals are sufficient to distinguish APV from many systematic uncertainties. Never- 
theless, there still exist systematic effects that give rise to spurious asymmetries, which 
may mask APV. We consider two potential sources of spurious asymmetry: misalignment 
of applied fields, and stray electric and magiicitic fields. A stray electric field E may in- 
duce El-El transitions via the Stark effect [24, 25]. When k and B are misaligned 
(k X B 7^ 0), Stark-induced transitions may interfere with the allowed transitions yield- 
ing a spurious asymmetry characterized by the following rotational invariant: (k x B) • E. 
Because the Stark-induced transition amplitude may be nonzero when F I, APV and 
Stark-induced asymmetries can be determined unambiguously by comparing transitions 
to different hyperfine levels of the final state. 

We propose to measure the transition rate by observing fluorescence of the excited 
state, and assume that the transition is not saturated: I < Tsat = r/(47rQ;Q). In this 
regime, fluorescence is proportional to the transition rate. The statistical sensitivity of 
this detection scheme is determined as follows: The number of excited atoms is Nf = 
NiR±t = N ± N' , where Ni is the number of illuminated atoms, t is the measurement 
time, and N and N' <^ N are the number of excited atoms due to parity-conserving and 
parity-violating processes. The signal-to-noise ratio is SNR = N'/y/N, or 



The SNR is optimized by illuminating a large number of atoms with light that is intense, 
but does not saturate the i ^ f transition. 

We now turn our attention to the two-photon 462 nm 5s^ ^5'o — >■ 5s9p ^Pi transition 
in ^^Sr {Z = 38, 7 = 9/2). The transition is enhanced by the intermediate 5s5p ^Pi 
state (A = 34 cm~^), and the parity-violating El-El transition is induced by NSD APV 
mixing of the 5s9p ^Pi and 5s 10s states {ojaf = 184 cm~^). We used expressions 
presented in ref. [26] to calculate the NSD APV matrix element: fi/a ~ 10k s~^, where k 
is a dimcnsionlcss constant of order unity that characterizes the strength of NSD APV. 
The width of the transition is determined by the natural width F = 1.15 x 10^ of 
the 5s9p ^Pi state [27]. Resolution of the magnetic sublevels of the final state requires 
a magnetic field larger than 2T/g « 10 G, where g w 0.1 is the Lande factor of the 
F = I hyperfine level of the 5s9p ^Pi state. The reduced matrix element dni = 5.4 eao 
can be determined from the width r„ = 2.01 x 10^ s~^ of the intermediate state [27], 
and we estimate that dan ~ eao, Qfn/dan ~ ct/2, and /i/„ ^ Qfn- Then the APV 
asymmetry associated with this system is about 8k x 10~^ when Mf = 1/2. To estimate 
the SNR, we consider experimental parameters similar to those of ref. [9]: Ni « 10^ 
atoms illuminated by a laser beam of characteristic radius 0.3 mm. Optimal statistical 
sensitivity is realized when I = Xgat « 6 x 10^ W/cm^. In this case, eq. (5) yields 
SNR Ri K X 10~^y/t/s. The saturation intensity corresponds to light power of about 
2 kW at 462 nm. High light powers may be achieved in a running-wave power buildup 
cavity. With this level of sensitivity, about 300 hours of measurement time arc required 
to achieve unit SNR. The projected asymmetry and SNR for the Sr system are similar 
to their observed counterparts in the most precise measurements of NSD APV in Tl [28] . 

Another potential candidate for the DPS is the 741 nm 7s^ ^5*0 — >■ 7s7p ^Pi transition 
in unstable ^^^Ra {Z = 88, I = 3/2, ti/2 = 15 days). This system lacks an intermediate 
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SNR = 8T^aIQ^/Njjf = 2(J/2«at)(C/Q)/^- 
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state whose energy is nearly half that of the final state; the closest state is Islp (A « 
14000 cm~^). Nevertheless, it is a good candidate for the DPS, partly due to the presence 
of nearly-degenerate opposite-parity levels Islp ^Pi and 7s6d (ojaf = 5 cm"-'^). In 
this system, NSD APV mixing arises due to nonzero admixture of configuration Ip^ in 
the 7s6d state [29]. Numerical calculations yield i^fadan/^af ~ 2k x 10~^ eao [30], 
dan = 0.4 eao, dni = 5.7 eao, and F = 2.8 x 10® s"-'^ [31]. Like for the Sr system, wc 
estimate that Qfn/dan = ct/2 and "C Qfm yielding an approximate asymmetry of 
3k; X 10"''. Laser cooling and trapping of ^^^Ra has been demonstrated [32], producing 
about N, « 20 trapped atoms. When I = Z^at ~ 10^ W/cm^, the SNR is k x lO^'^^/tJs. 
For a laser beam of 0.3 mm, the saturation intensity corresponds to light power of about 
300 kW at 741 nm. These estimates suggest that unit SNR can be realized in under 
3 hours of observation time. 

In conclusion, we presented a method for measuring NSD APV without NSI back- 
ground. The proposed scheme uses two-photon J = ^ 1 transitions driven by coUinear 
photons of the same frequency, for which NSI APV effects arc suppressed by BES. We 
described the criteria necessary for optimal SNR and APV asymmetry, and identified 
transitions in ^^Sr and ^^^Ra that are promising candidates for application of the DPS. 

* * * 

The authors acknowledge helpful discussions with D. P. DeMille, V. Dzuba, V. Flam- 
baum, M. Kozlov, and N. A. Leefer. This work has been supported by NSF. 
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